This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms As mentioned above, we believe that considering the high profile of the journal and its broad audience, a discussion about the broader implications of U-series isotope studies of weathering profiles is justified, as is the presence of Fig. 7 (now Fig. 8 ). We assert that putting our data in a global context and alongside similar data from a range of environmental settings provides a useful perspective. However, we agree that in the previous version, the figure was not as informative as it could be or should be. Upon revision, we have split up the U-series data into the different environmental settings rather than presented together in a single block. Finally, a careful study of the sources used in Montgomery's paper shows that few rates are derived from highly land-used areas and most of them come from natural settings and we have explained this in the figure caption.
8) 242-245 Remove the statement that the profile IS at steady state (here the authors rebut their own rebuttal). The comparison with rates elsewhere provides simply ZERO evidence that this system is at st st.
There is no mention in the manuscript that the studied profile is at steadystate. This statement regards soil-mantled hillslopes in general , which has now been clarified in the revised text. Also, as indicated in the text, this interpretation is supported by other approaches (geomorphic transport laws and cosmogenic isotopes).
9) Remove the entire section on erosion rates elsewhere, and delete the totally sloppy Fig 7. This discussion is mostly trivial (as stated in my first review Montgomeries rates are in part from highly land-used areas and hence not useful to compare with natural settings), and the fact that Alpine settings need to weather faster is most trivial, and in any case explaining one single rate (of which the significance as a "rate" is even disputable) does not justify a global comparison.
As mentioned above, we believe that considering the high profile of the journal and its broad audience, a discussion about the broader implications of U-series isotope studies of weathering profiles is justified, as is the presence of Fig. 7 (now Fig. 8 ). We assert that putting our data in a global context and alongside similar data from a range of environmental settings provides a useful perspective. However, we agree that in the previous version, the figure was not as informative as it could be or should be. Upon revision, we have split up the U-series data into the different environmental settings rather than presented together in a single block. Finally, a careful study of the sources used in Montgomery's paper shows that few rates are derived from highly land-used areas and most of them come from natural settings and we have explained this in the figure caption.
Introduction

1
Quantifying the rate of conversion of bedrock into regolith through physical and chemical 2 weathering is crucial for understanding landscape evolution over millennia and the coupling (or 3 decoupling) between surface erosion at the top and bedrock weathering at the bottom of weathering 4 profiles. The dynamics between these two interfaces dictate, at least partly, the evolution of soil 5 resources, and more broadly of the Critical Zone (Brantley, 2008) . Here we define regolith as the product 6 of bedrock weathering as this term includes both the saprolite (the isovolumetric weathering product 7 that retains the bedrock structure) and the overlying soil (the mobile uppermost layer of the weathering 8 profile, produced from the saprolite by bioturbation, amongst other processes). In recent years, isotopic 9 techniques have allowed us, for the first time, to quantify rates of regolith production. For instance, 10
Heimsath et al. have used cosmogenic isotopes to show that soil production rates are inversely 11 correlated to soil depth (Heimsath et al., 1997) . To be able to discuss the evolution of soil resources, one 12 needs to quantify soil erosion and production rates independently. However, the cosmogenic isotope 13 technique requires assuming that these two rates are equal, suggesting that alternate approaches are 14 needed to independently quantify rates of soil production. The measurement of uranium-series isotopes 15 in erosion products can be used to determine the time elapsed since inception of bedrock weathering 16 (Vigier et al., 2001; Dequincey et al., 2002; Vigier et al., 2005; Dosseto et al., 2006a; Dosseto et al., 17 2006b; Dosseto et al., 2006c; Vigier et al., 2006; Granet et al., 2007; Dosseto et al., 2008a; Dosseto et al., 18 2008b; Pelt et al., 2008; Dosseto et al., 2010; Granet et al., 2010; Ma et al., 2010) . In a weathering 19 profile, if one considers a sample at an elevation E, this timescale represents the amount of time elapsed 20 between the time at which the bedrock-regolith interface was at elevation E and the present day ( Fig.1 ). Thus, this can be used to determine the age of the weathering front at different depths in a profile, 22 termed throughout this manuscript the weathering age (Mathieu et al., 1995; Dequincey et al., 1999; 23 Dequincey et al., 2002; Chabaux et al., 2003a; Chabaux et al., 2003b; Dosseto et al., 2008b; Pelt et al., 24 2008; Ma et al., 2010) . Note that in previous studies this weathering age has been referred to as the soil 25 or saprolite residence time. Regolith production rates can then be estimated either by considering the 26 linear evolution of the weathering age with depth, when observed (as it is the case in this study), or by 27 using the difference between the elevation of the regolith sample considered and the current elevation 28 of the weathering front (Fig. 1) . Note that neither approach requires any knowledge of the position, or 29 the evolution, of the modern ground surface (like the surface lowering rate, for instance). Previous 30 studies have focused on weathering profiles developed over granitic lithologies in different 31 environments (tropical Brazil, Puerto Rico and Burkina-Faso, temperate Australia) and determined 32 production rates ranging from about 10 to 70 mm/kyr (Mathieu et al., 1995; Dequincey et al., 2002; 33 Dosseto et al., 2007; Dosseto et al., 2008b) . More recently, a study of profiles underlain by shales has 34 suggested similar rates (Ma et al., 2010) . Here, we investigate regolith development over a volcaniclastic 35 bedrock in Puerto Rico, as preliminarily presented in (Dosseto et al., 2011) . The climate, topography, and 36 vegetation at the study site is essentially the same as that of the neighbouring Rio Icacos catchment, 37
where production and denudation rates have been obtained for profiles developed over quartz diorite 38 using U-series and cosmogenic isotopes, respectively (Brown et al., 1995; Riebe et al., 2003; Blaes et al., 39 under review). Thus, a comparison of these two neighbouring catchments provides an opportunity to 40 assess the role of bedrock lithology, independent of climate, in controlling rates of soil production. 41
Study area
approximately 350 m elevation; 50 m below the augering site on the slope of the same ridge. Although 69 the composition of the parent rock varies across the catchment in terms of grain size and quartz 70 content, this sample is consistent with the augered samples with respect to these parameters and is 71 only used here as an estimate of the composition of the parent rock for comparison to the weathered 72 samples. 11 out of 33 samples were analysed for U-series isotopes along with a bedrock sample. The 73 scope of this article is restricted to discussing U-series isotope data, as mineralogical and other 74 geochemical data will be discussed elsewhere. 75 Th) values where this mineral is abundant). 112
Material and methods
U-series isotope behaviour in bedrock and regolith
114
Higher U and Th concentrations in the weathering profile compared to the bedrock indicate that 115 during regolith development these elements are relatively immobile compared to major soluble 116 elements such as Na or Ca (e.g. (Brimhall and Dietrich, 1987) ). Although the absence of significant preferential leaching of 234 U located in damaged sites of the crystalline network (Kigoshi, 1971; Fleischer, 135 1980 Fleischer, 135 , 1982 Hussain and Lal, 1986) . Thus, the absence of (Fig. 4) . Noting that the lowest U concentration is in the bedrock, this suggests that the 155 precipitation of goethite controls the abundance of uranium. Indeed, uranium is known to be strongly 156 sorbed to hydrous ferric oxides, such as goethite, in oxic systems at near-neutral pH (e.g., (Manceau et 157 al., 1992; Moyes et al., 2000; Giammar and Hering, 2001) ) and sorption onto oxide and clay minerals has 158 been shown to control uranium concentrations in soils (e.g., (Gadelle et al., 2001) 
Timescale of regolith development
168
As the weathering front progresses downward into the bedrock, the extent of weathering 169
should increase with decreasing depth in the weathering profile, and the time elapsed since production 170 from the bedrock should increase with decreasing depth. Thus, since radioactive disequilibrium 171 increases with time and extent of chemical weathering, an increase in disequilibrium with decreasing 172 depth in the weathering profile is expected. Most previous work using U-series isotopes have focused on 173 soils developed over granitic parent rock and this simple pattern of isotopic evolution was seldom 174 observed (Mathieu et al., 1995; Dequincey et al., 1999; Dequincey et al., 2002; Chabaux et al., 2003a; 175 Chabaux et al., 2008; Dosseto et al., 2008b) . This is explained as weathering is not the only process 176 occurring in soils but is accompanied by the complex transport of chemical elements and the 177 precipitation and re-dissolution of secondary minerals. Nevertheless, here we observe that radioactive 178 disequilibria for U increases with decreasing depth (Fig. 3) , similarly to what has 179 been recently observed for soils developed over shales (Ma et al., 2007) . The question why soils derived 180 from granitic rocks would have a more complex U-Th history than those developed on clastic rocks is 181 puzzling and should deserve more attention. Although a discussion of weathering in granitic 182 environments is beyond the scope of this article, it is possible that the propagation of the weatheringfront in this setting is not solely vertical but also lateral because of the presence of corestones, thus 184 accounting for the complex U-Th patterns in granitic profiles. 185
In this section, we use the U-series isotope composition of the regolith to model the time 186 elapsed since onset of weathering, i.e. the age of the weathering front, at different depths in the profile. 187
In the model below, only ( Th, and the amount of time elapsed since onset of bedrock weathering, i.e. the age of the 221 weathering front A wf , at that depth (Fig. 1) . 222 A major assumption of the model is that, although they take different values for each nuclide, 223 they are assumed to be constant throughout the profile and over the age of the weathering front. A 224 second major hypothesis is that nuclide gain (illuviation and/or dust input) occurs over a similar 225 timescale to nuclide loss (chemical weathering). Although it is likely that these processes occur over 226 different timescales, there are not enough constraints to allow nuclide loss and gain to operate over 227 different timescales in the model presented. Another possible pitfall of the model is that the gain of 228 nuclide does not differentiate between the precipitation of secondary mineral and dust input.
Nevertheless, dust input in the saprolite must be minimal (because of the nature of the saprolite, dust 230 cannot be mechanically mixed with it) and secondary mineral precipitation must dominate. 231
The age of the weathering front, A wf , will be different for each regolith sample, where A wf is 232 expected to increase with decreasing depth in the weathering profile. Thus, we look for the set of k and 233 f coefficients for the weathering profile, and A wf values for each sample that best reproduce the 234 observed compositions. Considering the eleven samples analysed (including the replicate measurement 235 of sample BIR687 to assess the sensitivity of the model to analytical error) and two activity ratios for 236 each sample, ( unknowns. We use a large-scale trust-region-reflective algorithm provided with the Matlab™ software 238 to minimize the squared difference between calculated and observed activity ratios. This algorithm is a 239 subspace-trust region method based on the interior-reflective Newton method described in (Coleman 240 and Li, 1994, 1996) . Because the solution could represent a local minimum, we generate a large 241 population of solutions (n>100) from which the retained solution is the median of this population and 242 the error on the calculated parameters (gain and loss coefficients and weathering ages) is the standard 243 error of this population. 244 Results from the model are shown in Table 2 . We considered different scenarios: model 1 uses 245 the 11 samples measured and assumed secular equilibrium as initial conditions. Model 2 excludes BIR 246 370 as it is considered as an outlier on many aspects. Model 3 considers all the 11 samples measured 247 but uses the measured composition of the bedrock sample as initial conditions. Results show that firstly, 248 whether we consider as initial conditions a bedrock in secular equilibrium (i.e. before any water-rock 249 interaction occurred; model 1) or the composition of the measured bedrock sample (model 3) this does 250 not seem to significantly affect calculated weathering ages. Secondly, the model yields similar ages for 251 replicate measurements of sample BIR687 (for instance, 26.8 and 27.2 kyr in model 1). Thirdly, 252 calculated ages increase with decreasing depth, confirming the "ageing" of the regolith upward in theweathering profile. Note that, when taking a weathering age equal to 0 for the bedrock, its ( Fig. 5 ). Extrapolating the relationship between age and depth to 0 yr, the current 266 position of the weathering front can be estimated at a depth of ~ 16m, very close to the maximum 267 depth at which augering was possible. Moreover, the relative linear relationship between age and depth 268 (ruling out sample BIR370) suggests that the migration rate of the weathering front has been relatively 269 constant over the past 40-60 kyr. The regolith production rate, i.e. the migration rate of the weathering 270 front, can be determined as the slope in a weathering age versus depth space: 271
where R is the regolith production rate (in mm/kyr) and D is depth (in mm). The age of the weathering 273 front, A wf , is in thousands of years. In this case, the slope in Fig. 6 yields an average regolith production 274 rate of 334 ± 46 mm/kyr (error is 2). This value is greater than any production rate that has been 275 determined from U-series isotopes thus far (Fig. 7) . Indeed, previous studies of weathering profilesdeveloped over granitic or shale substratum have yielded values between 10 and 70 mm/kyr. Thus, our 277 results could suggest that weathering profiles over volcaniclastic substratum are produced up to 30 278 times faster than in granitic regions. Note that this work is the first of its kind and further studies of 279 volcaniclastic weathering profiles need to be undertaken before this statement can be generalized. 280
Although it is well known that different lithologies weather at different rates, producing regolith more or 281 less rapidly, we are now able to quantify these differences. The geomorphic settings of the production 282 rates compiled in Fig. 8 (Fig. 8) . Thus, results from U-series studies suggest that, in general theweathering profile 287 thicknesses are in steady-state on soil-mantled hillslopes around the world (soil erosion ~ production) as 288 proposed earlier using geomorphic transport laws (Fernandes and Dietrich, 1997) or cosmogenic 289 isotopes (Heimsath et al., 1997) and previously verified using both U-series and cosmogenic isotopes at 290 a site in southeastern Australia (Dosseto et al., 2008b) . Nevertheless, regolith production seems faster 291 than erosion on cratons, suggesting that weathering profiles in these regions are inexorably thickening. 292
In comparison, regolith production is not matched by erosion in alpine environments (Fig. 8) , possibly 293 accounting for the bare rock landscape of these regions. However, studies need to be undertaken in 294 tectonically active environments in order to test this hypothesis. Finally, it is clear that, even in the light 295 of our results, natural rates of regolith production are too low compared to erosion rates in cultivated 296 areas. The quantitative determination of regolith production rates using U-series isotopes allows us to 297 estimate that regolith is lost 100 to 1,000 times faster than it is renewed in regions impacted by human 298 activity. through the profile. This is explained as they do not record the weathering of primary minerals 309 solely, but also the formation of secondary phases and pre-weathering metamorphic alteration 310 (U-series being insensitive to the latter, having occurred more than 1 Ma ago). In contrast, suggests that unweathered bedrock is located at ~16m depth and that the rate of migration of 316 the weathering front (i.e. the regolith production rate) has been relatively constant over the 317 past 40-60 kyr. 318 -A regolith production rate of 334 ± 46 mm/kyr is calculated. This is greater than any previously 319 calculated rates for granitic and shale lithologies by a factor of 5 to 30. Although further studies 320 of volcaniclastic weathering profiles need to verify such fast production rates, these results 321 appear to underline the role of lithology on regolith formation rates, here quantitatively 322 demonstrated. In particular, production rates of 30-50 mm/kyr were determined for aweathering profile developed over quartz diorite in the neighbouring catchment of Rio Icacos, 324 hence under similar climate (Blaes et al., under review) . 325 -A compilation of U-series regolith production rates show that steady-state weathering profile 326 thickness is achieved in soil-mantled landscapes. Nevertheless, in cratons, regolith production is 327 faster than erosion and weathering profiles are thickening, whereas in cultivated areas, regolith 328 is lost 100 to 1,000 times faster than it is renewed. 329 , the time at which the bedrock-regolith interface was at elevation E A and T now , the present day: A wf,a = T now -T 1 . The average regolith production rate over the distance E A E i , where E i is the current elevation of the bedrock-regolith interface, can be estimated simply as (E A -E i )/ A wf,A . Alternatively, if the weathering age increases linearly with decreasing depth (as it is the case in this study), the average regolith production rates over the entire profile can be calculated from the slope of age as a function of depth. Note that these approaches do not require any assumption on the steady-state nature of the profile thickness or knowledge of the denudation rate. This is illustrated in this example where erosion is taken to be nil (the same concepts would apply to actively eroding landscapes). Table 2 ). The curve is labelled with the weathering age in 1,000 years. Figure 6 . Calculated weathering age (in 1,000 years; model 1 in Table 2 ) as a function of depth (in cm). Figure 7 . Comparison of regolith production rates derived from U-series isotopes in various settings (range of values is shown; the x-axis shows the bedrock lithology). Regolith production over granitic rocks is relatively insensitive to climate. Whilst shales and granitic rocks apparently produce regolith at similar rates, the results from our weathering profile could suggest that volcanoclastic sedimentary lithologies produce regolith much faster. For same climatic conditions (compare with granodiorite lithology in Puerto Rico), regolith is produced 3 times faster over the volcanoclastic sedimentary rock than over granodiorite. Figure 8 . Soil/regolith production rates inferred from U-series isotopes compared to soil erosion rates in various settings (as termed in (Montgomery, 2007) ). Ranges in values for erosion rates are taken from (Montgomery, 2007) and refs therein. Note that only rates next to the label "agriculture" are for landused areas, all other rates are from natural environments. Soil/regolith production rates are from Useries studies in Fig. 7 . The narrow range in production rates is likely to result from the limited number of U-series studies published thus far. Production rate estimates from Puerto Rico are shown as stars (left: Icacos site underlain by a quartz diorite, (Dosseto et al., 2007; Blaes et al., under review) ; right: Bisley site, this study). In this figure, Puerto Rico is placed between soil-mantled landscapes and alpine regions because erosion is landslide-dominated, but it is not an actively uplifting area. 
Highlights
-A weathering profile developed over volcanoclastic bedrock under a tropical climate was studied with uranium-series isotopes.
-Modelling of U-series isotope composition in regolith indicates that it takes 40-60 kyr to produce 18m of weathering profile.
-A regolith production rate of 334 ± 46 mm/kyr is calculated. This is greater than rates for granitic and shale lithologies. Regolith production rate 334 mm/kyr Regolith production rate (mm/kyr) G r a n i t e , B r a z i l ( M a t h i e u e t a l . 1 9 9 5 ) G r a n o d i o r i t e , B u r k i n a -F a s o ( D e q u i n c e y e t a l . 2 0 0 2 ) Q u a r t z d i o r i t e , P u e r t o 
